The cryoprotective effects on surimi matrix of hydrolysates with different hydrolyzing times prepared from silver carp using Protamex were compared with commercial sorbitol-sucrose cryoprotectants. Cryoprotective assays showed that FPH-30 (hydrolysate with 30 min hydrolyzing) was a more effective cryoprotectant than other hydrolysates, because the FPH-30 group displayed lower salt-soluble protein extractability loss (29.90 ± 0.84%), less actomyosin Ca 2+ -ATPase activity decrease (48.85 ± 2.56%) and unfrozen water content decrease (10.39 ± 0.63%) after six freeze-thaw cycles. To exploit industrial utilizations, FPH-30 was further purified with ultrafiltration membranes. The cryoprotective activity of the fraction (<3 kDa) was superior to the others by reducing the salt-soluble protein extractability loss (27.21 ± 0.98%) and impeding the actomyosin Ca 2+ -ATPase activity decrease (30.54 ± 1.21%). Mass spectrometry analysis showed that the fraction (<3 kDa) was mainly composed of three peptides of the sequences GVDNPGHPFIM(T) and IITNWDDMEK. The results clearly support that silver carp could be a potential source of cryoprotectant peptides for industrial applications.
Introduction
Annually, approximately 4.9 million metric tons of silver carp (Hypophthalmichthys molitrix) are produced globally. [1] Silver carp is the most common carp species used to produce frozen surimi in China. Cryoprotectants are often used to avoid deterioration of surimi quality induced by freezing and/or fluctuating temperatures. A sorbitol and sucrose blend (SuSo) are a commonly used commercial cryoprotectant. However, it imparts sweetness to the product and cannot meet the needs of many consumers and certain market segments with dietary restrictions such as diabetics who cannot accept the sweetness or additional caloric and glycemic values of surimi products. [2, 3] Some protein hydrolysates and peptides are effective cryoprotectants for frozen fish surimi that experiences repeated freeze-thaw treatments. Importantly the cryopreservation effects are equal or superior to that of commercial SuSo. [2, [4] [5] [6] [7] [8] [9] [10] [11] Therefore, the use of protein hydrolysates as cryoprotectants in surimi would be preferable. However, protein hydrolysates are composed of a wide variety of peptides with different molecular weights and free amino acids. [12] This makes it difficult to define the cryoprotective mechanism of hydrolysates in surimi quality preservation and how hydrolysate properties and cryoprotectant efficiency are related. In addition, considering other cryoprotective applications of hydrolysates, such as being cryoprotective agents for uses in cells [10] CONTACT Faxiang Wang wfaxiang@163.com; Xianghong Li xianghongl@163.com School of Chemistry and Food Engineering, Changsha University of Science & Technology, Changsha 410114, Hunan Province, PR China. Color versions of one or more of the figures in the article can be found online at www.tandfonline.com/ljfp. or ice cream [13] , chromatography and separation and purification methods can be used to further fractionate the hydrolysate on a small laboratory scale. [13] Currently, there are huge challenges in the exploitation of peptide isolation and recovery procedures on a industrial scale, which are desirable for application in food processing. And there are always economic needs to explore low-cost processes. Our studies reveal that controlled enzymatic hydrolysis produces protein hydrolysates with different structures and functional properties from silver carp surimi by-products, which are low-cost materials. [14] However, questions remain about the standardization and consistency of the by-products. The by-products are mixed with viscera, which contain a lot of proteolytic enzymes.
There is limited information about the cryoprotective ability of protein hydrolysates prepared from freshwater fish, such as silver carp. Therefore, in this study silver carps were digested into hydrolysates using Protamex based on our previous findings [14] and the cryoprotective activities of the hydrolysates were characterized using surimi matrices and cryoprotection assays. Furthermore, to exploit the industrial uses, ultrafiltration separation, more easily and commonly applied to the industrial production of bioactive substances, was used to isolate the hydrolysates, which demonstrated the best cryoprotective activities based on the cryoprotection assays. Mass spectrometry was further used to identify the cryoprotective peptides, providing supporting data for the industrial application of this new cryoprotective agent.
Materials and methods

Materials
Fresh live silver carp (Hypophthalmichthys molitrix) at 2.0 ± 0.5 kg/fish from a local farmers' market near Changsha city (China) were transported to the laboratory alive within 30 min. The enzymes Protamex (the minimum activity of 1.5 AU/g) was purchased from Novozymes Inc. (Suzhou, China). Chemicals used in all experiments were analytically pure.
Preparation of fish protein hydrolysates (FPH)
Fresh silver carp were scaled, beheaded and gutted, and washed thoroughly. The meat was manually carved away from the bones and immediately minced to uniformity. The minced fish meat was hydrolyzed using a modified method of Liu et al . [14] The meat was suspended in deionized water with a solid:liquid ratio of 1:5 (w/v). After heating at 90°C for 10 min to inactivate endogenous enzymes, Protamex was added to the suspensions at 3.0% (w/w) enzyme to a substrate, and incubated for 15, 30, 60, 120, or 240 min (pH 6.5 and 50ºC). Inactivation of Protamex was performed by heating at 80°C for 10 min. Then, the slurries were centrifuged at 8000 g for 10 min (4°C). The obtained supernatants were dialyzed, and freeze-dried ultimately yielding the fish protein hydrolysates (FPH-15, FPH-30, FPH-60, FPH-120, and FPH-240).
Characterization of FPH
The degree of hydrolysis (DH) of the FPHs was confirmed by the pH-stat method. [15] 1 mol/L NaOH was used to maintain a constant pH value during hydrolysis. The relative molecular weight distribution of the FPHs (0.5%, w/v) was estimated with size exclusion chromatography. A TSK-gel G3000 PWXL column with an exclusion limit of 500-800,000 Da was applied, and the average retention time of five standards (bovine serum albumin, peroxidase, ribonuclease A, glycine tetramer and p-Aminobenzoic acid) (Sigma, USA) in the column were used to obtain a molecular weight calibration curve.
Characterization of the cryoprotective ability of FPH
Preparation of freeze-thaw surimi for cryoprotection analysis Fresh silver carp were scaled, beheaded and gutted, and washed thoroughly. The fish meat was picked carefully and washed twice with two volumes of chilled water. After centrifugation at 3000 g (5 min, 4°C) to remove the surface water, the meat was cut and minced at 4°C for 1 min by a food processor (FP580, Kenwood, UK). The resulting pastes were mixed with the hydrolysates to obtain the following samples: FPH-15, FPH-30, FPH-60, FPH-120 and FPH-240 groups (100 g paste with the addition of 2 g FPH-15, FPH-30, FPH-60, FPH-120, and FPH-240, respectively). SuSo (100 g paste with 4% sorbitol + 4% sucrose) and control (100 g paste without cryoprotectant) groups were also prepared for comparison. All samples were prepared in triplicate and called "surimi". The samples were all separated into two parts to be analyzed immediately and after freeze-thaw treatments. Six cycles of freeze-thaw treatments were carried out (−25 ± 1°C for 12 h and 4 ± 1°C for 12 h per cycle).
Salt-soluble protein (SSP) extractability: SSPs were extracted from unfrozen and freeze-thaw surimi samples. The hydrolysates or SuSo in each sample was removed before extraction. About 30 g of surimi was fully dispersed into 10 volumes of chilled distilled water (4°C) by homogenization for 1 min at 10,000 r/min using an IKA T10 homogenizer (Germany). After centrifuging at 8000 g (10 min, 4°C), the obtained precipitate was dispersed thoroughly in 10 volumes of 100 mmol/L sodium phosphate buffer (0.6 mol/L NaCl, pH 7.5). The extraction procedure was conducted twice. The two supernatants were combined and the protein concentration was measured by the Folinphenol method. [16] The percentage of the protein concentration after each freeze-thaw cycle to that of the initial unfrozen surimi was expressed as salt-soluble protein extractability.
Actomyosin Ca 2+ -ATPase activity: The actomyosin was extracted from the surimi samples using the method of Kittiphattanabawon et al. [7] Actomyosin Ca 2+ -ATPase activity was tested according to the method of Wang et al. [17] Each sample was suspended in 10 volumes of 20 mmol/L phosphate buffer (pH7.0, with KCl 0.6 mol/L), and Ca 2+ -ATPase measurement kits (Nanjing Jiancheng Bioengineering Institute, China) were used with the detective wavelength fixed at 636 nm.
Unfrozen water content
Unfrozen water was tested by DSC (differential scanning calorimeter, Q2000, TA Instruments, USA). Unfrozen and freeze-thaw surimi samples (accurately weighed about 5 mg, equivalent content of moisture in all samples) were placed in aluminum cells, hermetically sealed and reweighed, and a sealed blank cell was used as a reference. The testing procedures were as follows: 1) decrease temperature from 5 to −10°C and equilibrate for 10 min; 2) continuously cool to −20°C and equilibrate for 10 min; 3) increase temperature to −10°C and equilibrate for 10 min; 4) continuously heat to 5°C and equilibrate for 10 min. The cooling and heating speeds were fixed at 1°C/min. The content of the unfrozen (bound) water in the unfrozen and freeze-thaw surimi was calculated according to the method of Mueller et al. [8] The ΔH value was 314.00 J/g, which is not much different from the reported value (337.33 J/g). [18] The water mass of the samples were calculated by moisture analysis.
Screening of the best cryoprotective components
The hydrolysate with the best cryoprotective effect based on the results of cryoprotection assays was separated by ultrafiltration Centrifugal Filter Devices with 10 kDa and 3 kDa Ultracel-PL regenerated cellulose membranes (Amicon Ultra-15, Millipore, USA). Fractions with different molecular weights (<3 kDa, 3-10 kDa, <10 kDa and >10 kDa) were collected for further cryoprotective ability assessments. The relative molecular weight distributions of the fractions were verified by size exclusion chromatography. The SSP extractability and actomyosin Ca 2+ -ATPase activity of the surimi samples added with different FPH fractions and SuSo were used to screen the best cryoprotective fraction. The specific methods were described as above.
Analysis of peptide sequence
Membrane separated fractions were dissolved in 20 uL of water/acetonitrile mobile phase A (98%, +0.1% formic acid). Ten microliterwas applied to a Triple TOF 5600 LC-MS/MS (AB SCIEX, USA) mass spectrometer for analysis. The samples were first enriched and desalted at a flow rate of 2.5 µL/min on a Trap column for 10 min and then the gradient was eluted on an analytical column (3 µm 120 Å Eksigent ChromXP C18) with 5% to 40% acetonitrile/water mobile phase B (98%, + 0.1% formic acid) for 40 min. Electrospray ionization was performed with a Turbo V™ ionization source in positive ion mode (spray voltage of 2300 V, atomizing gas of 5 psi, and heating temperature of 150°C). The Information Dependent Analysis (IDA) mode was used. In the sensitivity mode, the cycle time for each first and second stage was 2.5 s, and the cumulative scan time was 0.25 s. The maximum number of second stages for each cycle was 25, and the cumulative time was 90 min. Parent ions with intensity greater than 150 cps were selected for secondary mass spectrometric analysis, with a parent ion exclusion time of 16 s. Obtained MS/MS data were analyzed by ProteinPilot 4.5 software (AB SCIEX, USA).
Statistical analysis
Tests in this study were all conducted no less than three independent times. Standard deviations of the data were obtained. Duncan's multiple-range test was carried out in the one-way analysis of variance by SPSS 13.0 software (Chicago, USA) with a significant difference set at P < .05.
Results and discussion
Characterization of hydrolysates (FPHs)
The proximate composition and DH values of the FPHs are shown in Table 1 . Our previous studies have shown that Protamex could efficiently hydrolyze silver carp processing by-products. [14] In this study, there were no significant differences in protein, ash or moisture content of the hydrolysates produced with different hydrolyzing times (P > .05). It can be observed that with hydrolyzing time increased from 15 to 240 min, the DH values of the FPHs were substantially raised from 9.68 ± 0.40% to 29.10 ± 1.33% (P < .05), showing that Protamex is suitable for enzymatic hydrolysis of silver carp protein.
Calibration curve of five standard substances on the TSK-gel G3000 PWXL column was generated as a reference for data interpretation (data not shown). The FPHs had wide varieties of fractions with molecular weights (Mw) ranging from 112 Da to 370 kDa, indicating that the FPHs contained peptides of different sizes and small amounts of free amino acids (Figure 1 ). With increased DHs, the amount of small-molecular-weight peptide fragments or free amino acids increased. Peptides constituted the dominant proportions of the FPHs. The molecular weight of the hydrolysates or peptides added to frozen-minced fish has significant impacts on the formation and growth of ice crystals, and on their interactions with fish myofibrillar proteins. [2, 4, 19] Assessment of the FPHs as cryoprotectants
Salt-soluble protein extractability (SSP)
Protein extractability is indicative of protein denaturation and aggregation in frozen samples. [20] Myofibrillar proteins lose the native conformation upon frozen storage or freeze-thaw cycles and form insoluble aggregates that cannot be recovered in salt solutions. [21, 22] Salt-soluble protein extractability (SSP) decreased with freeze-thaw treatments for all samples (Figure 2a ). However, the saltsoluble protein extractability of the control group decreased significantly faster than that of samples with added FPH or SuSo (P < .05). The control group had a 37.63 ± 2.05% loss after six freeze-thaw cycles, while the salt-soluble protein extractabilities of FPH-15, FPH-30, FPH-60, FPH-120, FPH-240, and SuSo groups only decreased by 30.97 ± 1.06, 29.90 ± 0.84, 32.52 ± 1.33, 31.45 ± 1.21, 34.54 ± 1.46 and 28.64 ± 1.01%, respectively. This indicates that added FPH can prevent salt-soluble protein extractability loss (P < .05) similar to commonly used commercial SuSo, and can retard muscle protein denaturation and aggregation caused by temperature abuse during freeze-thaw treatments. [2] Ca 2+ -ATPase activity of actomyosin Actomyosin is a main component of muscle protein [23] that is degraded upon frozen storage or freeze-thaw treatments. Therefore, actomyosin Ca 2+ -ATPase activity is a good indicator of protein denaturation after freezing. [24] All samples displayed decreased actomyosin Ca 2+ -ATPase activity at varying rates (Figure 2b) . The activity of the control group initially decreased quickly and decreased by 76.38 ± 3.18% over six freeze-thaw cycles, while the activities of the FPH and SuSo groups were greater than that of the control group (P < .05). Therefore, like SuSo, FPH helped preserve Ca 2+ -ATPase activity. For the FPH-15, FPH-30, FPH-60, FPH-120, FPH-240 and SuSo groups, the Ca 2+ -ATPase activity decreased by 62.32 ± 1.99, 48.85 ± 2.56, 52.11 ± 1.21, 52.99 ± 1.34, 62.88 ± 2.79 and 43.70 ± 3.01%, respectively, after six freeze-thaw cycles. The FPH-30 group displayed the slowest decrease in the Ca 2+ -ATPase activity among all hydrolysate groups (P < .05), which further indicates that FPH-30 is the most effective protein structure stabilizer during freeze-thaw treatments. The decreases in Ca 2+ -ATPase activity correlated well with the salt-soluble protein extractability results. Furthermore, the amount of hydrolysate added to the surimi was important for maintaining Ca 2+ -ATPase activity.
In our previous studies, the optimal amount of hydrolysate was 2% w/w, and higher hydrolysate percentages (4% and 6% w/w of hydrolysates, data not shown) could influence the formation of stable structures of the surimi, leading to increased protein-protein interaction, which also induced -Ca 2+ -ATPase activity loss. However, Korzeniowska et al. [3] found that addition of 8% w/w of Pacific hake protein hydrolysate was necessary to impede the structural deterioration of natural actomyosin during freeze-thaw treatments, while 2% w/w of hydrolysate did not reach the minimum level required for optimal cryoprotection, the observation that could potentially be attributed to differences in the nature of the hydrolysates.
Unfrozen water content DSC-determined unfrozen water content in the freeze-thawed surimi was used to evaluate the waterbinding capacity of the FPHs (Figure 3 ). .29 ± 0.98%, respectively, after six freeze-thaw cycles. The FPH and SuSo groups showed significantly slower decreases in unfrozen water contents than the control group over six freeze-thaw cycles (P < .05), and the FPH-30 group showed the slowest decreases in unfrozen water content (P < .05). In this study, the surimi with FPH exhibited a higher initial unfrozen water content than the SuSo group, and significantly higher than the control group. The added FPH also helped to maintain the amount of unfrozen water during freeze-thaw treatments. Compared to the Ca 2+ -ATPase activity ( Figure 2b ) of each surimi sample, SuSo retarded inactivation of Ca 2+ -ATPase activity and freezeinduced protein denaturation significantly, while the unfrozen water content of the SuSo-containing group was a little lower than those of the hydrolysate-containing groups. Sucrose and sorbitol effectively protected myofibrillar protein against freeze-inducing denaturation by stabilizing structures of the surrounding water. Similarly, FPH (with more polar residues exposed and free amino acid released during hydrolyzation) might inhibit water molecules from contacting ice crystals by binding to the surfaces of the ice crystals, thus maintaining the unfrozen water content. On the other hand, the protein hydrolysates, including the present FPHs, stabilized protein structure by binding water in three-dimensional structures of protein during frozen storage. [18] Therefore, the results suggest that FPH and SuSo might adopt different mechanisms of cryoprotection. In this study, FPH-30 was the most effective cryoprotectant on the surimi and myofibrillar protein samples. In the subsequent experiments, FPH-30 was further separated and purified and the specific cryoprotective fractions of the hydrolysate were carefully identified.
Cryoprotective activities of membrane-separated fractions
Ultrafiltration separation technology is industrially friendly due to its low cost and high efficiency. [25] In this study, FPH fractions (<3 kDa, 3-10 kDa, <10 kDa and >10 kDa) were satisfactorily prepared by ultrafiltration membrane separation and the relative molecular weight distributions determined (Figure 4 ). The cryoprotective activities of the four fractions were investigated by characterizing the SSP extractability and Ca 2+ -ATPase activity of surimi samples added with the fractions and the SuSo group was used for comparison. After six freeze-thaw cycles, the salt-soluble protein extractability of the four fractions (<3 kDa, 3-10 kDa, <10 kDa and >10 kDa) and Suso group decreased by 27.21 ± 0.98, 34.71 ± 1.62, 29.64 ± 1.14, 37.93 ± 0.80 and 27.90 ± 1.84%, respectively (Figure 5a ). In addition, after six freeze-thaw cycles, the Ca 2+ -ATPase activities of the four fractions (<3 kDa, 3-10 kDa, <10 kDa and >10 kDa) and Suso group decreased by 30.54 ± 1.21, 37.17 ± 1.02, 32.94 ± 0.80, 45.52 ± 3.14 and 30.56 ± 1.60%, respectively (Figure 5b ). The <10 kDa and <3 kDa fractions showed significantly better protection to myofibrillar proteins against freezing-induced denaturation than the other fractions (P < .05). The results also clearly support that the <3 kDa fraction demonstrated the same cryoprotective effects on the surimi samples against freeze-thaw abuse as commercial SuSo. This is in agreement with the previous conclusion that peptide chains of less than 2000 Da have sufficient hydrophilicity and flexibility, and could be better at binding to the surfaces of ice crystals and inhibiting their growth. [26] Identification of membrane separated fractions
The peptides from the selected fractions (<3 kDa, 3-10 kDa, <10 kDa and >10 kDa) were analyzed by LC-MS/MS and the amino acid sequences of the peptides were identified ( Table 2 ). The <10 kDa and <3 kDa fractions had better cryoprotective abilities than the other two fractions (>10 kDa and 3-10 kDa). The primary peptide sequences of the <10 kDa fraction were GVDNPGHPFIM, GVDNPGHPFIMT, and IITNWDDMEK, which made up 15.41% of the fraction content. In the <3 kDa fraction, the peptide (GVDNPGHPFIM, GVDNPGHPFIMT, and IITNWDDMEK) content accounted for more than 46% of the fraction. These three peptides were concentrated after further ultrafiltration by 3 kDa Ultracel-PL regenerated cellulose membranes.
The peptides (GVDNPGHPFIM, GVDNPGHPFIMT, and IITNWDDMEK) contained 11, 12 and 10 amino acid residues, and had molecular weights of 1345 Da, 1526 Da and 1425 Da, respectively. These short peptides can easily adsorb to the surface of ice and inhibit ice crystallization, thus acting as effective cryoprotective agents, which agrees well with previous conclusions. [26] The peptides (GVDNPGHPFIM and GVDNPGHPFIMT) contained more Gly-and Pro-residues and -Gly-X-Pro-sequences. Two antifreeze peptides from snow fleas were also rich in Gly, and (-Gly-X-X-) tripeptide repeat sequences facilitated hydrogen bond formation by providing molecules with high degrees of flexibility. [27, 28] Gly-Pro-X is also a key peptide sequence offering cryoprotective activity, [10] that can offer crucial information for the structure-efficiency relationship of antifreeze peptides. Whether the (Gly-X-Pro-) sequence in our purified peptides contributed to the cryoprotective effect, like Gly-Pro-X, requires further analysis.
Furthermore, the peptide (IITNWDDMEK) contained more acidic amino acids (Glu and Asp), basic amino acid (Lys) residues, and Ile residues which have a long side chain and can cause steric hindrance. These make the hydrogen bonding between the peptide and the ice crystal more stable.
Further studies will be focused on the synthesis of the three peptides sequences and characterization of the cyroprotective ability and mechanism. Whether the membrane separated fraction (<3 kDa) can be used to replace purified peptides in industrial uses is worth consideration for economic reasons.
Conclusion
The results have revealed that adding FPH-30 effectively protects the surimi matrix during freeze-thaw treatments by a different cryoprotective mechanism from that of SuSo. After further purification of FPH-30 using ultrafiltration membranes of 10 kDa and 3 kDa, the obtained <3 kDa fraction showed the best cryoprotective effects. The main peptide sequences of this fraction were GVDNPGHPFIM(T) with a molecular weight of 1345 Da (1526 Da) and IITNWDDMEK with a molecular weight of 1425 Da. The results strongly support that silver carp are a potential source of cryoprotectant peptides for industrial applications. Further studies will be focused on the synthesis of the three peptide sequences discovered here and characterization of the cyroprotective ability and mechanism. Mean values (±SD) of three determinations are shown.
